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Abstract—This paper addresses the problem of planning 

inland evacuation routes along a given coastal stretch. This 

study presents a methodology to determine the optimum 

interval for proving inland evacuation routes within a stretch 

of vulnerable coastal area. It is evident that the developing 

countries may face financial constraints while providing 

necessary infrastructure facilities to minimize the fatalities. 

The establishment of evacuation routes or structures involves 

expensive capital and maintenance costs.  Policymakers need 

a scientific basis to evaluate the provision of infrastructure 

facilities as part of planning emergency response strategies. 

The proposed methodology looks at the trade-off between the 

cost of providing infrastructure for evacuation and the cost of 

exposure to the risk.  A total cost model is derived as the sum 

of infrastructure cost and cost of people being exposed to the 

risk as a function of uniform spacing between inland 

evacuation routes. The optimum uniform spacing that 

minimizes the total cost is derived. Thus, the spacing between 

evacuation routes is obtained as a function of the value of time 

saved from exposure to the risk, population density in the 

area, hazard zone depth, walking speed of individuals, and 

cost of infrastructure. Thus, the derived model is applied to a 

case study in Thelwaththa Grama Niladhari Division (GND), 

located in the southern province of Sri Lanka, which was 

severely affected by the 2004 tsunami event.  

Keywords—Evacuation, Total cost model, Infrastructures, 

Value of time 

I. INTRODUCTION 

A tsunami is a series of waves formed through 
earthquakes, volcanic eruptions, submarines or onshore 
landslides [1]. According to estimations, the 2004 tsunami 
was one of the deadliest tsunamis experienced by the Indian 
ocean countries, which caused more than 227,898 deaths 
across 14 different countries [2]. Following the 2004 Indian 
Ocean tsunami, countries in the region collaborated to 
improve infrastructure and technical capacities.[4]. These 
measures include initiating the Indian Ocean Tsunami 
Warning and Mitigation System (IOTWMS) under the 
United Nations Educational, Scientific and Cultural 
Organization (UNESCO) Intergovernmental 
Oceanographic Commission (IOC), which operates as an 
end-to-end warning system and capacity developments. In 
Sri Lanka, a death toll of around 35,000 was recorded due 
to the 2004 tsunami incident that included severe damages 
to infrastructure as well [3]. Since then, the National Agency 
for Disaster Management was initiated with the disaster 
management act 2005 [5]. This resulted in capacity 
development initiatives and rehabilitation work [6]. 
Furthermore, IOC-UNESCO has initiated the "Tsunami 
Ready" programme that guides at-risk communities to prepare 
against tsunamis. The Tsunami Ready programme focuses on 

developing a community-based warning mechanism, 
evacuation plan and strategic measures to improve the 
awareness level of at-risk communities. This enhances their 
overall preparedness against tsunamis and other coastal hazards 
[8]. Therefore, evacuation planning plays an important role 
within the Tsunami Ready Programme [9]. As a result of the 
significant increase in natural and man-made disasters that 
have occurred in recent years, there has been a significant 
increase in the demand for improved emergency evacuation 
planning [10]. Thus, evacuation planning demands a 
considerable capital investment to provide the necessary 
physical infrastructure and resources. Existing literature 
regrading evacuation planning deals with the problem of 
identification or allocation of routes and structures 
optimally given their current availability. However, a 
methodology to determine the adequacy of available 
resources (routes and structures) is not covers under the state 
of the art.   

This study aims to assess the evacuation route 
arrangement as a trade-off between the value of time that 
people are exposed to the risk and the cost of infrastructure 
provision. In developing countries, decision-makers need a 
logical approach to justify the allocation of resources. 
Hence, the proposed study seeks to derive a total cost model 
incorporating infrastructure cost and the cost of exposure to 
the risk as a function of the density of inland evacuation 
routs.  Thus, the total cost function will be optimized, and 
evacuation routes arrangement will be proposed 
accordingly. 

II. LITERATURE REVIEW 

A. Emergency Response of At-risk Communities 

The emergency response of at-risk communities facing 
sudden on-set disasters depends on many factors like their 
socio-economic conditions, past experience on disasters, 
physical capacities and warning mechanisms, etc. [11]. 
Therefore, it is the duty of authorities to properly plan the 
warning mechanism and provide the necessary capacities to 
cope with sudden on-set disasters like earthquakes and 
tsunamis etc. [12]–[14]. Hazard response may be initiated 
through social and environmental cues or official warnings 
that may be received via authorities [13]. However, studies 
show that it is important to educate the at-risk communities 
about social and environmental cues that may appear before 
they can sense the physical effects of hazards, as the official 
warning disseminations may not reach at-risk communities 
with sufficient lead time [15]. Within the emergency 
response stage of a disaster, evacuation can be considered 
as an action toward an individual's safety [16]. Studies show 



that tsunami preparedness must consist of a fully working 
evacuation plan to minimize casualties [17].  

B. Evacuation Planning 

An evacuation plan refers to an arrangement that enables 
at-risk communities to move towards a safer place before, 
during or after the occurrence of a hazardous event [18]. 
Literature shows that a fully functional evacuation plan can 
be developed under three steps; generating an entirely 
legitimate initial instance of an evacuation plan, installing 
and disseminating the plan, and deploying, integrating, and 
maintaining the plan long-term [17]. When it comes to the 
development of tsunami evacuation plans, it is important to 
consider potential risks considering scientific insights like 
expected wave heights, inundation zone, expected arrival 
time of tsunami waves, etc., that will be generated under 
different scenarios [19]. However, studies show that the 
worst-case scenario for Sri Lanka can be a tsunami 
generated in the Northern - Sumatra Andaman subduction 
zone, which can be considered an event similar to the 2004 
tsunami [20]. Studies show that the evacuation plan must 
incorporate different communities that will be at risk for a 
potential tsunami (e.g., coastal resident community, 
dynamic local and foreign visitors, workforce and migrated 
labours etc.) [21], [22]. Furthermore, individual interactions 
and human behaviour were identified as important aspects 
that need to be considered [13], [23]. In contrast, most of the 
studies focused on evacuation planning and shelter 
arrangements failed to address these aspects due to the 
complexity that can result from higher uncertainty in these 
aspects. Therefore, studies related to evacuation planning 
focused on scientific insights and the spatial impact of 
tsunamis to propose tsunami evacuation routes and shelters 
[14], [24]. However, certain studies encountered the impact 
of the cost associated with improving capacities related to 
tsunami preparedness of at-risk communities [25], [26].  

C. Human Life Value and Infrastructure Cost 

Literature shows that the economic cost of fatalities and 
injuries can be expressed as the Value of a Statistical Life 
(VSL). Also, VSL guides governments and decision-
makers by presenting the benefits of their efforts for risk 
reduction [27]. Studies show that potential life losses from 
hazardous events must be considered to conduct a cost-
benefit analysis [28], [29]. Generally, the VSL was 
calculated using either the human capital method or the 
willingness to pay method. However, literature shows that 
estimating VSL in developing countries requires further 
parameters representing economic conditions. Hence, most 
of the time, VSL was used by governments of developed 
countries to assess the benefits of risk reduction measures 
[27]. A study which was conducted in 2015 to estimate the 
VSL around the world shows a value of between $638,600 
- $786,700 for Sri Lanka [29].  

Literature shows that providing tsunami resilient 
vertical evacuation shelters may not be adaptable due to 
financial constraints [26]. The cost incurred in the 
development of evacuation routes, vertical evacuation 
shelters, and survival capsules were evaluated in past 
studies considering human life value [30]. Furthermore, 
studies have been conducted to determine the optimal 
location for vertical evacuation shelter placement to 
minimize the evacuation time and thus maximize the 
survival rate [25]. Also, recent studies on constructing 

vertical evacuation shelters in the United States revealed 
that a tower with an average capacity of 300 people would 
require $3,584,759 [31] for construction. However, 
literature that used optimization techniques utilized cost as 
a constraint in their models [25]. Nevertheless, the 
constrained value is often found difficult to justify since it 
was not derived through a logical approach. The provision 
of infrastructure to facilitate evacuation is very expensive 
to build and maintain. In the context of developing 
countries, allocation of such resources encounters strict 
budgetary limitations. Often it is difficult to justify the 
amount of investment allocated to provide evacuation 
infrastructures such as roads, structures and shelters. This 
study attempts to evaluate the evacuation route density as a 
trade-off between the cost of being exposed to the risk and 
the cost of providing the infrastructure. This approach 
would give us a robust basis to plan the future requirement 
of infrastructure as well as evaluate the current allocation 
of resources.  

III. METHODOLOGY 

If we consider a certain stretch of the coastal belt, 
evacuation routes are planned in a way to channel the public 
to inland safety zones. Thus, the primary purpose of the 
evacuation routes is to transport the vulnerable community 
away from the hazard. The total time taken for evacuation 
(from the point a person initiates the evacuation) can be 
broken into three components. They are: 

Time taken to access the evacuation route (ta): This is 
the time taken while traveling parallel to the coast  

Time to traverse the distance between the safety zone 
and the hazard zone at free-flow speeds (tt): this is the time 
taken while travelling in land (perpendicular to coast).  

Delay due to congestion on the evacuation routes (tc): 
Any delay due to inadequate road capacity.  

 It is reasonable to assume that an evacuee would first 
walk parallel to the coastal belt to access the evacuation 
route and then move along the route towards inland to reach 
the safety zone. Then, when the number of inland 
evacuation routes per unit length (density) is high, less time 
(average) is taken to access the route per evacuee (assuming 
a uniformly distributed community along the coastal belt). 
Suppose we assume the delay due to congestion is 
negligible. In that case, the time taken to traverse the 
distance to the safety zone is dependent on the number of 
inland evacuation routes available per unit distance of the 
coastal belt. Therefore, by increasing the number of 
evacuation routes orthogonal to the coastal belt per fixed 
length of the coastal belt, we could decrease the average 
time spent by the vulnerable community exposed to the 
hazard. Thus, the exposure to the risk is reduced. However, 
the reduced exposure to the risk is achieved at the cost of 
additional infrastructures such as evacuation routes and 
structures. Therefore, we could observe a trade-off between 
the cost of exposure to the risk and the cost of evacuation 
infrastructure. Given the monetary value to the cost of 
people are exposed to the risk, we could evaluate the 
provision of evacuation infrastructure at a point of equal 
trade-off where the total cost is minimized.  

This section covers the mathematical derivation of the Total 
cost model, optimization technique and assumptions. 



Furthermore, in order to conduct a case study analysis, a 
field visit was arranged to a selected location in the southern 
province. Figure 1 shows the overall methodology followed 
in the research.  

 

Figure 1 Research Methodology 

A. Total cost Model 

 Consider a location X along a continuous stretch of 
coastal line. The proposed evacuation plan will consist of 
inland evacuation routes perpendicular to the coastline with 
a spacing of S(X) in meters centered at X. Similarly, the 
population density at X is denoted as P(X) (Population/m2) 
and walking speed as V (ms-1). Inundation depth in the 
region is denoted as D(X). Also, the cost incurred for 
constructing a single evacuation route and all the associated 
structures is denoted as C(X) ($). Figure 2 shows the 
proposed arrangement of evacuation routes in the area under 
consideration.  

 

Figure 2 Proposed Evacuation Plan 

B. Assumptions 

• Population density is uniform within the small 
catchment area surrounding X in the hazard zone. 

• P(X) and C(X) can be considered continuous 
functions of X. 

• Individuals will act homogeneously. Hence their 
behavioral differences will not be taken into 
consideration. 

• Individuals must anyhow evacuate the hazard 
zone via the available evacuation route.  

• The capacities of provided evacuation routes are 
assumed to be sufficient for at-risk communities 
to evacuate. Thus delay due to congestion is 
assumed negligible.  Hence, the time will be 
valued only for the period they spent travelling 
parallel to the coast. 

Any person would travel a maximum distance of S/2 and a 
minimum of 0 to access the evacuation route. Therefore, the 
mean distance an individual would travel parallel to the 

coast is given by:  
���� 4�  

Average Travel time = 
���� 4�� , Where V is the mean 

walking (specific to evacuation conditions) speed of an 
average person. 

The total population within the catchment area of a single 
route is given by: 

 2 	 
���
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Total person-hours exposed during the travel parallel to the 

coast= ��� 	 ���� 	 ���� 	 
���
��  

Exposure to the hazard can be assumed to increase 
proportionally with additional time spent in the hazard zone. 
Thus the objective of inland evacuation routs is to take the 
at risk individuals away from the coast as quickly as 
possible. Let K ($s-1) denote, the cost of marginal increase 
in exposure to the risk for every additional per unite time 
per individual. Then the total cost of time that people 
exposed to the risk under consideration is given by: 

   � � ��������
����
�� 	 �     (1) 

If the cost of construction of an evacuation route per average 
return period is C, then the total cost per unit length along 
the coast Z is given by:  

   ���� �  ��������
����
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���    (2) 

The total cost involved for a section of the coastal line given 
by integrating Z(X) along the entire section given by   

� ���� �� . As the section of coastal length is fixed, the 
objective of minimizing the total cost can be achieved by 
minimizing the integrand Z(X). 

Assuming the Z(X) is differentiable at all S(X), The 
function Z(X) is minimized with respect to S(X) that 
satisfies the followings: 

Taking the first derivative: 

   
� ���
�
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Taking the second derivative: 

   
�� ���
�
���� $ 0       (4) 

Since this is a strictly convex function, (dZ/dS) will be a 
minimum when: 

   ���� �  % ������
���������      (5) 

Hence, the evacuation route density along the coast is given 
by: 

   & � '

���       (6) 

C. Field Visit 

The field visit was arranged to capture the existing 
evacuation plan established in the Thelwaththa Grama 
Niladhari Division (GND). Around a 6km section parallel 
to the coast was investigated, identifying the evacuation 
routes that guide at-risk communities to higher ground. 
Figure 3 shows the identified locations as evacuation routes 
with the assistance of the resident community. Also, a 
simple questionnaire was conducted with the resident 



community to identify the inundation zone during the 2004 
tsunami event.  

 
 
 
 
 
 
 
 
 
 
 

Figure 3 Evacuation Routes Available in the Region 

IV. CASE STUDY 

After deriving the equation for the optimum route 
spacing for inland evacuation routes, the model was applied 
to a case study focusing on a coastal town of Thelwatta in 
the southern part of Sri Lanka. The 2004 tsunami event had 
caused a severe impact on the Galle district, reporting 3rd 
highest casualties within a district [32]. Within the Galle 
district, the Thelwaththa Grama Niladhari Division (GND) 
area was shown as a high-risk area in the tsunami hazard 
map prepared by Disaster Management Centre – Sri Lanka 
[33]. Therefore, Thelwaththa GND was considered for the 
case study. According to Hikkaduwa Divisional Secretariat, 
the population density in Thelwaththa GND was reported as 
2.687×10-3 m-2[34]. According to the literature, the 
inundation area for most parts of the Hikkaduwa divisional 
secretariat was less than 1km. Therefore, it was suggested 
to evacuate the resident population to a 2km strip [35]. 
However, according to the responses obtained in the field 
survey, the resident population commented that the 
inundation zone was approximately 3km. Thus, a strip of 
3km was considered for this case study.  

A. Estimation of walking speed of individuals 

Literature suggests the walking speed of at-risk 
communities in emergencies can be highly varied [25]. 
Therefore, to be conservative, walking speed was 
considered, as shown in Table 1 [36]. Hence, the mean 
speed of 1.381ms-1 was regarded as the walking speed of 
the at-risk community.  

 
Table 1 WALKING SPEED DISTRIBUTION 

Age Old 
(Over 65) 

Young 
(Over 13) 

Mean 

Typical Walking 
Speed (ms-1) 

1.253  1.509 1.381 

 

B. Estimation of the value of time 

The value of time was estimated considering the 
allocated compensation for death due to a disaster in Sri 
Lanka and the allocated time for people to evacuate to a safe 
zone during a tsunami. According to the most recent 
circulars, the death compensation value in Sri Lanka was 
reported as LKR 250,000 [37]. According to Tsunami 
warning Standard Operation Procedures, at-risk 
communities will have 40 minutes to evacuate to a safer 
place under the worst-case scenario [6], [38]. Also, past 
studies done in Sri Lanka observed that, on average, 40 

minutes were spent for evacuation during a false warning 
incident in Sri Lanka, whereas it was observed around 30 
minutes in tsunami drills [37]. Therefore, it was considered 
that the potential threat of losing an individual's life would 
remain only for 40 minutes. Thus, the time value of life per 
person was estimated, assuming that it is valued at LKR 
250,000 for a period of 40 minutes allocated to the 
evacuation process. Therefore: 

� �  �(),)))
�) � 6250 LKR per minute per person 

C. Estimation of Cost of Infrastructure 

In the proposed evacuation routes arrangement, the cost 
was estimated for constructing a single evacuation route 
considering a hazard zone depth (D) of 3 km. Highway 
Schedule Rates (HSR-2021) [38] were used to estimate the 
cost of construction, and it was assumed that concrete roads 
would be constructed as evacuation routes with a width of 
2.5m and a length of 3km. The total cost is comprised of 
land acquisition  [39], land clearance, soil stabilization, 
concrete paving, and finishing, which sums up to LKR 
28,437,068.90.  

D. Results of the case study  

 According to the model, the desired spacing of the 
evacuation routes in the Thelwaththa GND area must be 
432.5m. The spacing can be represented as evacuation road 
density per unit distance along the coast. Consider a 1km 
distance along the coast: According to the proposed model, 
evacuation road density would be � 2.31  per km. Thus, 
roughly two evacuation routes should be allocated for a 1km 
stretch along the coast. When it comes to the case study, an 
investigation of the existing evacuation plan revealed that 
only three evacuation routes are available for the entire 6km 
region under consideration. Figure 3 shows the evacuation 
routes available in the area. Star marks on the map show the 
starting point of the evacuation route. The average distance 
between evacuation routes was reported as 2.5km, which is 
significantly higher than the results obtained from the 
proposed model of this study.  

V. DISCUSSION 

As the derived equation suggests, the spacing between 
evacuation routes depends on population density around a 
given location along the coastal stretch, which was 
assumed to be uniform. Moreover, the infrastructure 
maintenance cost was assumed to be negligible in the 
derivation process. However, maintenance of such 
evacuation routes can be a significant amount when it 
comes to maintaining such structures to withstand against 
major tsunamis. Hence further research is required to 
estimate the life cycle cost of infrastructure.   Also, the 
value of time that people are exposed to the risk would be 
a critical variable in the derived model. Hence, a sensitivity 
analysis was performed to determine the most sensitive 
variables under the given inundation zone and population 
density. The gradient of the plotted graphs was 50.2% and 
51.3% for the cost of infrastructure and the monetary value 
of time, respectively (Fig 4). Hence, the monetary value of 
time is a more critical parameter in determining the 
evacuation road density for a given condition. Therefore, 
the model can be further fine-tuned considering the 
assumptions made at the derivation. One of the significant 
changes that can be made is the incorporation of the 



variation in population density. In order to derive an initial 
model, this study assumed that the hazard risk to increase 
in proportion to additional time spent in the hazard zone. 
Thus, the cost of exposure to the hazard was derived using 
a constant rate denoted by K. Further research is required 
to estimate the cost of exposure to the risk. This is very 
important, especially to quantify the benefits of disaster 
risk reduction measures. Furthermore, the individuals 
living near the coast have significantly high exposure 
compared to individuals living further inland from the 
coast, the exposure to the risk variation in the perpendicular 
direction to the coast can be incorporated to accurately 
estimate the monetary cost of the risk. 

The derived model can be used to evaluate the existing 
conditions of a particular stretch along the coast. Although 
countries like Sri Lanka do not face near-field tsunamis, 
this model can be effectively used in countries where near-
field tsunamis are prominent. This study did not consider 
the required inland route density in terms of 
accommodating the flow of people. Any delay due to 
capacity constraints is ignored. However, given high-
density coastal communities, placing inland evacuation 
routes in regular intervals is important to distribute the peak 
flow of evacuees evenly to avoid bottlenecks and complete 
the evacuation within a stipulated time period. Thus, the 
optimal road density obtained from the derived model 
should be used in conjunction with minimum road density 
required to maintain adequate flow of people. The 
maximum density out of the cost optimized approach and 
the flow-based approach can be recommended. 

 
Figure 4 Sensitivity Analysis Plot 

Furthermore, this model can be used to evaluate the 
provision of any risk reduction measures, such as 
constructing vertical evacuation shelters as well. However, 
with the fact that they should be tsunami resilient and the 
necessity of following unique design and construction 
procedures, the cost of infrastructure would be a barrier. 
However, with the provision of vertical evacuation centres 
is a good alternative where evacuating inland is infeasible 
due to less response time available or high population 
density in the area.  On the other hand, building and 
maintaining such structures can cost huge amounts in the 
context of withstanding against disasters like major 
tsunamis, which have an average return period of 500 
years. 

VI. CONCLUSIONS 

The derived model represents a technique that can be 
utilized for evacuation planning. Past studies that derived 

models have incorporated evacuation time and distance in 
their models, considering the cost of providing 
infrastructure as a constraint. However, there is a lack of 
attention towards approaches that represent monetary values 
that would provide a more robust basis for decision-makers 
rather than taking the cost as a constraint in the equation. 
Therefore, this proposed study attempts to address this gap 
by monetizing the exposure to the hazard that assists us to 
approach a point of equal trade-off minimizing the total 
cost. It is evident that the proposed model can be further 
developed considering the population distribution and the 
method of monetizing the value of time. Since further 
research is required in the field, evaluating techniques that 
can be utilized to estimate the monetary value of time that 
people are exposed to the risk.   
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